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INTRODUCTION
Road traffic noise is the main source of community noise in the urban environment and represents a major environmental risk affecting a large worldwide population. According to the World Health Organisation, about 40% of the European Union's population is exposed to road traffic noise levels exceeding 55 dB(A) during the daytime, and 20% is exposed to levels above 65 dB(A). 1 Long-term residential exposure to road traffic noise is associated with stress-related health effects 2, 3 such as hypertension and myocardial infarction, [4] [5] [6] [7] highlighting the substantial public health impact of this environmental pollution. 8 From a social epidemiology perspective, noise may also contribute to social health inequalities through an uneven distribution of exposure among socioeconomic groups. 9, 10 Overall, the few studies that have explored social disparities in noise exposure concluded that socially disadvantaged people (or living in deprived neighbourhoods) were likely to be exposed to higher noise levels than their well-off counterparts, [11] [12] [13] [14] [15] [16] though an opposite association (ie, greater exposure for affluent populations) was also reported. 11, 15 These findings are consistent with the concept of environmental injustice whereby low-income groups and ethnic minority populations bear a disproportionate share of environmental hazards. 17 However, despite this apparent consensus, the heterogeneity in exposure assessment approaches, in the choice of spatial analysis levels, or in the analytical strategies limits the comparability and generalisation of these results. 17 Furthermore, contrary to the recommendations made in our previous environmental justice study, 18 none of the area-based associations were adjusted for spatial autocorrelation.
The study aim was to assess social inequalities in road traffic noise exposure in an urban area.
A key characteristic of this analysis is to estimate noise exposure within the local activity space around the residence of study participants. As recommended, [18] [19] [20] we attempted to model individual noise exposure across the city of Paris, France, controlling for spatial autocorrelation in noise levels and considering a large variety of socioeconomic characteristics estimated both at the individual and neighbourhood level. The socio-epidemiologic perspective of this environmental justice analysis allows discussion on the mechanisms through which noise exposure might contribute to social health inequalities.
METHODS

Study population
The RECORD ("Residential Environment and CORonary heart Disease") Cohort Study has been described in detail elsewhere. 21, 22 Briefly, 7290 participants aged 30- Research assistants corrected all erroneous or incomplete addresses with the participants by telephone.
Extensive investigations with local departments of urban planning were conducted to complete the geocoding. Precise spatial coordinates and block group codes were identified for 100% of participants.
The study protocol was approved by the French Data Protection Authority.
In this study, due to noise data availability, only participants living in the city of Paris were considered. Therefore, 2130 participants, residing in 571 different neighbourhoods, were included in the analyses.
Noise exposure assessment
Road traffic noise levels in 2007 were modelled across Paris by the noise monitoring agency of the City of Paris in accordance with requirements of the European Environmental Noise Directive, 23 were performed so as to select the most relevant input parameters for noise modelling in Paris. From all these data, the model estimated noise levels at a spatial resolution of 2 × 2 m at 1.5 m above the ground. Figure 1 In compliance with the Environmental Noise Directive, 23 the European standard Lden measure (day-evening-night level) was used as noise indicator. This indicator is defined as the A-weighted equivalent continuous noise level (L Aeq ) over a 24-hour period but in which levels during the evening (L Aeq,18:00-22:00 ) and night (L Aeq,22:00-6:00 ) are increased by 5 dB(A) and 10 dB(A), respectively. "Aweighted" means that the sound pressure levels are adjusted to account for differences in hearing sensitivity at different sound frequencies. Noise levels below the threshold value of 45 dB(A) were recoded as equal to 45 dB(A); this value reflects the lowest sound levels that can be measured in an urban setting.
For each participant, we assessed exposure to road traffic noise within a 250-m radius circular buffer centred on his/her exact residential building by averaging calculation points included within the buffer. This approach was used to estimate individual noise exposure in the local space of outdoor activity. In most places in Paris, people are likely to find a great number of basic services within a 250-m radius around their residence. This exposure estimate was not conceptualised as a surrogate of the overall individual exposure to noise, but rather as one of the components of the total exposure. As previously recommended, [17] [18] [19] [20] we assessed the influence of the definition of the outcome (noise indicator) and the spatial scale (size of the circular buffer) on the results performing sensitivity analyses with: 1) another noise indicator (Lday; ie, A-weighted average sound level over the 12-hour day period; L Aeq,6:00-18:00 ); and 2) various sizes of the circular buffer (eAppendix 1).
Individual and neighbourhood socioeconomic variables
The following individual characteristics of study participants (described in eAppendix 2) were considered: age, education, household income, occupation, dwelling ownership, country of citizenship, and country of birth. As suggested by Merlo, 24 we also assigned to each participant the 2004 Human Development Index (HDI) of his/her country of citizenship as a proxy of the country's social development level. Following the United Nations Development Programme, 25 we created a variable coded in four categories so as to distinguish 1) French citizens (HDI = 0.942) from 2) citizens from low human development countries (HDI <0.5); 3) citizens from medium human development countries (0.8> HDI ≥0.5); and 4) citizens from high human development countries other than France (HDI ≥0.8). The same categorisation was applied to the country of birth.
Neighbourhoods were defined as census block groups (IRIS areas in France). First, we considered the proportion of non-French citizens. Then, using the same approach described for individual variables, we created for each TRIRIS area three additional variables based on the 1999
Census population data and 2004 HDI information: 1) the proportion of citizens from low human development countries; 2) the proportion of citizens from medium human development countries; and 3) the proportion of citizens from high human development countries other than France. Comparable variables were defined from the country of birth of residents (TRIRIS level). All neighbourhood variables were divided into 4 categories according to quartile cut-offs in the study population (ie, each category comprised a similar number of participants).
Statistical analysis
Associations between participants' exposure to road traffic noise and socioeconomic characteristics were estimated using different regression models. To derive parsimonious models, only individual/neighbourhood variables that were independently associated with noise levels were retained in the final models. To assess multicollinearity issues, Pearson's correlation coefficients between the selected neighbourhood variables are reported in eAppendix 3.
Regression models
Model 1
First, we ran a standard linear regression model. This model ignores that observations are nested within neighbourhoods and considers that residual variability is reduced to an individual-level variability (σ e 2 ). We also assessed spatial autocorrelation in noise levels by estimating the Moran's I statistic for the neighbourhood random effect u j . In the absence of spatial autocorrelation, Moran's I statistic has a small negative expectation when applied to regression residuals.
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Model 3
Third, we ran a spatial multilevel linear regression model. This model, contrary to Model 2, considers the spatial structure of neighbourhoods and controls for spatial autocorrelation. 18, 19 To do so, the neighbourhood-level random effect s j is assumed to follow an intrinsic Gaussian conditional autoregressive distribution in which the random effect of neighbourhood j has, conditional on its surrounding neighbourhoods j − , a Gaussian distribution with mean being the average of the random effects for the surrounding neighbourhoods. 27 As for Model 2, a normal distribution of variance σ e 2 was specified for the individual-level error term e ij .
where s j is the mean of the s j for the neighbourhoods bordering neighbourhood j (contiguity being used as criterion of geographic proximity), m j is the number of neighbours of neighbourhood j , and the variance parameter 
Bayesian modelling
All models were estimated using Markov Chain Monte Carlo methods in WinBUGS version 1.4.3
(MRC Biostatistics Unit, Cambridge, UK). All details on our estimation strategy are described in eAppendix 4 and WinBUGS codes for Models 2 and 3 are reported in eAppendix 5. Models were compared using the deviance information criterion (DIC); the model with the lowest DIC has the best overall combination of goodness-of-fit to the data and model parsimony.
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RESULTS
Road traffic noise modelled across Paris showed a strong geographic pattern coinciding with the road network ( fig 1) . The highest noise levels (>75 dB(A)) were observed near the principal high-traffic arteries whereas the lowest levels (<55 dB(A)) were found around quiet environments (eg, public green spaces, cemeteries) and near the local residential and secondary roads. Accordingly, participants' noise exposure also showed substantial variability, with individual levels ranging from The same patterns were observed with the standard multilevel regression model, except that 95% credible intervals (CI) of neighbourhood fixed effects were, as expected, strongly increased as a consequence of the correction of regression coefficients for the non-independence of observations within neighbourhoods ( 30 We found a positive correlation between each of the socioeconomic variables and the estimated neighbourhood-level random effects in the spatial multilevel model (eAppendix 6).
One way to sidestep these concerns was proposed by Reich et al 30 in the field of spatial epidemiology from disease-mapping models. Briefly, their approach consists of forcing the fixed and random components of the model to be independent by restricting the spatial random effect to the orthogonal complement of the fixed effects. We adapted this restricted spatial regression model, developed for aggregated data analysis, to our two-level dataset, and present the results in eAppendix 7. As expected, the neighbourhood fixed effects previously observed were found. However, contrary to our expectations, the standard errors of regression coefficients did not increase but instead decreased compared to Model 1 and Model 2. Considering the inconsistent results found with this model and the spatial multilevel model, subsequent analyses were conducted using the standard multilevel model.
Given the conflicting associations observed with the different socioeconomic characteristics, it seemed relevant to distinguish the country of citizenship according to its HDI. Indeed, according to the human development level of the country of citizenship, the reasons for being in France may be different, and the social meaning of being a non-French citizen may not be the same. This specification yielded associations with noise levels that were substantially different than previously identified (table 3) . Participants' exposure independently increased with the proportion of citizens from high HDI countries in the neighbourhood, and decreased with increasing proportion of citizens from low HDI countries. These results were thus consistent with associations observed with other variables, suggesting a higher exposure in socially advantaged neighbourhoods than in disadvantaged ones, although effects of education level was completely explained by associations observed with HDI variables. At the individual level, the same conclusions could be drawn, with a greater exposure for participants from high HDI countries than French participants. These findings were also confirmed by comparing the spatial distribution of noise levels ( fig 1) with spatial distributions of neighbourhood variables related to the countries' HDI (eAppendix 8). 
DISCUSSION
This study demonstrates social inequalities in residential exposure to road traffic noise in Paris,
France. However, contrary to most previous environmental justice studies, people living in socially advantaged neighbourhoods (in terms of education, dwelling value, and country of citizenship) were likely to be exposed to higher noise levels than their deprived counterparts. Furthermore, the identified associations seemed highly sensitive to the definition of socioeconomic characteristics, especially for the citizenship status.
Compared to most previous studies that addressed environmental injustice in noise exposure, 11-14 our study is one of the few 15, 16 that considered road traffic noise levels modelled in the local activity area around participants' residence, as the exposure estimate. Our exposure assessment was based on a validated model that integrated an extensive amount of input parameters and showed a high precision in predicting noise levels. The meticulous geocoding of participants contributed to reducing exposure misclassification bias. However, this estimate was not intended to reflect the true individual measure of the overall noise exposure because it considers neither the time-activity patterns of individuals to account for exposures at home, workplace and during transportation, nor other exposure sources such as neighbourhood noise, occupational noise, and other traffic-related noise sources from aircraft and rail traffic. As these exposure components are also likely to vary between individuals and according to socioeconomic position, the associations identified in this study may not reflect the true associations between socioeconomic status and total noise exposure. However, road traffic noise is the dominating source of community noise in Paris and the primary source of noiseinduced annoyance self-reported. 31 Moreover, our original research design allowed exploring social inequalities in noise exposure considering many individual and neighbourhood sociodemographic characteristics. To date, no study has taken into account such two-level information. Unfortunately, the mismatch in dates between the Census data (1999) and the noise validity data (2007) may have diluted our associations. However, while absolute noise levels from road traffic may have increased since the last census there is no reason to believe that their spatial distribution across Paris has changed substantially.
Following our recommendations, 18, 19 we attempted controlling for spatial autocorrelation.
However, as previously discussed, 29, 30 substantial collinearity between the explanatory variables and the spatial random effects may lead to identifiability problems in separating spatial residual from spatial covariate effects, resulting in severely biased and unreliable associations. We sought to sidestep this concern by adapting to our two-level dataset a recent biostatistical approach developed for aggregated data analysis, in which the spatial random effects are forced to be orthogonal to the fixed effects. 30 Unfortunately, contrary to expected, this model provided narrower credible intervals for the associations of interest that are difficult to explain given current knowledge and suggest to conduct further biostatistical research in this field. Overall, our analysis may be an interesting case study to many epidemiologists, in showing that problems of collinearity between fixed and random model components may prevent from effectively controlling for spatial autocorrelation in certain cases, as previously recommended. 18, 19 Regarding empirical issues, our findings were consistent with spatial organisation of road network across Paris where noisier high-traffic arteries are mainly located in the vicinity of better-off business and tourist neighbourhoods. These latter are characterised by high proportions of educated residents, high housing values, high proportions of citizens from advantaged countries and low proportions of citizens from disadvantaged countries. Conversely, quieter neighbourhoods were predominantly located further away from the high-traffic roads and often had lower socioeconomic conditions.
Interestingly, we observed conflicting findings depending on how the citizenship status was defined. When considering the proportion of non-French citizens, we concluded to a higher noise exposure for people living in neighbourhoods with a large proportion of immigrants that were viewed as disadvantaged; a seemingly contrary finding to those found with education level and dwelling value. But, when redefining the citizenship status according to the countries' HDI we concluded to increasing noise exposure when the proportion of citizens from advantaged countries increased and the proportion of citizens from disadvantaged countries decreased; a finding consistent with those observed for the other socioeconomic variables. Moreover, initial analyses based on variables related to the country of birth showed no associations with noise exposure levels once variables related to the citizenship status were introduced in the regression models. These findings illustrate critical needs for environmental justice studies: 1) to remain cautious as to the interpretability and generalisation of preliminary results; and 2) to systematically perform rigorous sensitivity analyses using multiple socioeconomic characteristics so as to avoid drawing the wrong conclusions regarding the presence or absence of an environmental injustice situation.
Various mechanisms may explain exposure differentials among social groups and ethnic communities. 32 In our study, the unexpected findings may be attributable to historical, political, economic, or social processes related to: 1) historical context of Paris' urban development; 2) housing market dynamics; and 3) local and specific distribution of social classes across neighbourhoods. Due to their financial resources, affluent populations may choose to reside in city centres where the accessibility to workplaces, cultural activities, commercial services, and other amenities is better and where the most famous and largest road arteries are located rather than to live in quieter environments likely to be less attractive and less centrally located. Citizens from advantaged countries may also favour downtown neighbourhoods for professional reasons since these areas generally concentrate business activities. These specific circumstances may generate an increase in housing values and the subsequent migration of low-income groups towards low-cost housing areas where they may afford to live. In other neighbourhoods, the concentration of citizens from disadvantaged countries may be attributable to financial constraint as well as to cultural or ethnic preferences. All these hypotheses may explain why the proportion of residents from both advantaged and disadvantaged countries were particularly good markers of noise exposure.
Although well-off populations were more residentially exposed to road traffic noise, it should be noted that they are likely to perceive less noise-induced annoyance than their deprived counterparts, 31 because they can afford to protect themselves by equipping their dwelling with phonic isolation including double-or triple-glazed windows.
Our results cannot be generalised to other territories with different urban dynamics, historical urban development patterns, land use planning policies, and specific social make-up. We might have drawn different conclusions if our analysis had focused on the entire Paris metropolitan area rather than just on the city of Paris itself (noise data were not available for this broader scale). Furthermore, the cross-sectional design does not allow determining the chronology of causal mechanisms related to these inequalities; a concern that could be addressed through a longitudinal study.
In conclusion, contrary to most previous evidences of environmental injustice, our study supports the hypothesis that socially advantaged populations may be the most exposed to road traffic noise in their residential environment in Paris. Such differential exposure might generate unequal health effects between socioeconomic groups and ethnic communities. 10 Among the other major environmental hazards traffic-related air pollution may also be unevenly distributed among social classes 18, 20 and may disproportionately affect the health of certain populations. 33 As these environmental risks may be jointly [5] [6] [7] and independently [34] [35] [36] [37] [38] associated with adverse health effects, especially cardiovascular endpoints, future socio-epidemiologic studies should take into account their cumulative exposure as a potential explanatory mechanism for social gradient in health.
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WHAT THIS PAPER ADDS
The few previous environmental justice studies that have explored social inequalities in noise exposure concluded that disadvantaged populations were exposed to higher noise levels in their residential environment than affluent populations. However, the lack of homogeneity in research methodologies (noise exposure assessment, spatial unit of analysis, statistical methods including the consideration of spatial autocorrelation) limits their comparability and generalisation and implies that further investigation is required.
In the city of Paris, France, People living in advantaged neighbourhoods were more exposed to residential noise from road traffic compared to their deprived counterparts.
Associations were highly sensitive to the definition of socioeconomic characteristics, especially concerning the citizenship status variable. It demonstrates the need to systematically perform careful sensitivity analyses with various socioeconomic factors so as to avoid drawing the wrong conclusions about an environmental injustice situation.
Substantial collinearity between the explanatory variables and the spatial random effects may lead to identifiability problems that may prevent from effectively controlling for spatial autocorrelation, resulting in biased and unreliable associations.
As differential exposure to noise may generate disproportionate health effects among socioeconomic groups and ethnic communities, future socio-epidemiologic studies should take into account this environmental risk as a potential factor contributing to social health inequalities.
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FIGURES LEGENDS
All posterior parameter means and 95% credible intervals (95% CI) were estimated from two independent and parallel chains of 20,000 iterations after a burn-in period of 50,000 iterations.
Convergence of the chains was checked using the Brooks-Gelman-Rubin diagnostic. eAppendix 7 Associations between study participants' residential exposure to road traffic noise and individual and neighbourhood socioeconomic characteristics from a restricted spatial regression model adapted to our two-level dataset, RECORD Cohort Study, Paris, France (n =2130)
Model Specification
A common motivation for the neighbourhood effects u j and s j is to account for residual spatial autocorrelation attributable to unobserved neighbourhood-level variables. In the spatial model these 
In this model, the neighbourhood-level random effect is split into two independent random effects; one spatially unstructured random effect u j and one spatially structured random effect s j . These two neighbourhood random effects are assumed to follow a normal distribution of variance σ u 2 and an intrinsic Gaussian conditional autoregressive (CAR) distribution of variance parameter 
